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Abstract
Background Finite element modeling of the human head offers an alternative to experimental methods in understanding 
the biomechanical response of the head in trauma brain injuries. Falx, tentorium, and their notches are important 
structures sur-rounding the brain, and data about their anatomical variations are sparse.
Objective To describe and quantify anatomical variations of falx cerebri, tentorium cerebelli, and their notches.
Methods 3D reconstruction of falx and tentorium was performed by points identification on 40 brain CT-scans in a 
tailored Matlab program. A scatter plot was obtained for each subject, and 8 anatomical landmarks were selected. A reference 
frame was defined to determine the coordinates of landmarks. Segments and areas were computed. A reproducibility study 
was done. Results The height of falx was 34.9 ± 3.9 mm and its surface area 56.5 ± 7.7 cm2. The width of tentorium was 99.64 
± 4.79 mm and its surface area 57.6 ± 5.8 cm2. The mean length, height, and surface area of falx notch were respectively 96.9 ± 8 
mm, 41.8 ± 5.9 mm, and 28.8 ± 5.8 cm2 (range 15.8–40.5 cm2). The anterior and maximal widths of tentorial notch were 25.5 
± 3.5 mm and 30.9 ± 2.5 mm; its length 54.9 ± 5.2 mm and its surface area 13.26 ± 1.6 cm2. The length of falx notch correlated 
with the length of tentorial notch (r = 0.62,  P < 0.05).
Conclusion We observe large anatomical variations of falx, tentorium, and notches, crucial to better understand the 
biomechanics of brain injury, in personalized finite element models.
Keywords Modeling . Brain herniation . Brainstem . Corpus callosum injury . Reference frame
Introduction
Brain hemispheres and cerebellum are separated by two
rigid structures: the falx cerebri and the tentorium
cerebelli. Falx and tentorium are stiffer than brain and
pia. They are composed of collagen-rich fibrous tissues
which are responsible for the high resistance of these struc-
tures to tensile strength [1, 25].
Falx is a midline reflection of dura mater, sickle-shaped,
that extends vertically between the two cerebral hemispheres.
The free margin of the falx shapes its inferior limit and borders
the corpus callosum. The superior sagittal sinus, which is at-
tached to the skull, limits the outer margin. The tentorium,
crescent-shaped, extends between the cerebellum and the ce-
rebral hemispheres. The tentorium forms the upper limit of the
posterior fossa. Its aperture, called the tentorial notch, is the
communication between supratentorial and infratentorial
spaces. The tentorial notch contains one important structure,
the brainstem, surrounded by cerebrospinal fluid. The shape
of the tentorial is triangular, with two free edges, joining at the
tentorial apex. The dorsum sellae forms its anterior edge. The
outer margin of tentorium is outlined by the straight sinus on
the top, the transverse sinus posteriorly, and the superior pe-
trosal sinus anteriorly [21].
Because of their shape, stiffness, and location within the
cranium, these structures affect the transfer of mechanical
loads within the brain, constraining brain motion, and
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dampening deformation across the midline [3]. Herniation
occurs when e.g. a hematoma or a tumor induces brain shift
across these notches. Subfalcine and trantentorial herniations
can lead to severe disability or death. Hardy et al. examined on
using human cadavers the brain displacement and deforma-
tion during impact. Dynamic impact events in the vicinity of
the falx cerebri influence the brain motion patterns more dras-
tically for impacts in the coronal and horizontal planes rather
than in sagittal plan [9]. Using finite element model of the
head, Ho et al. studied the strain distribution in the brain and
the biomechanical influence of the falx and tentorium during
impacts. They demonstrated that falx and tentorium could
have an effect on the biomechanical behavior of surrounding
brain tissues, especially corpus callosum and brainstem [11].
Thus, the variations of the size of falx and tentorium could
modify strain distribution within the cranium.
Little attention has been given to anatomical variations of
falx and tentorium. Only one study reporting the variations in
the height of the falx had been done so far on living subjects,
and was based on carotid angiography in 1969 [8]. Few stud-
ies address the anatomy of the tentorial notch. These studies
were performed on cadaveric cases [2, 5, 19, 22]. There is a
lack of data on anatomical variations and correlations on both
tentorium and falx in living subjects.
Anatomical variations of falx, tentorium, and their notches
could influence outcomes of brain herniations. Thus, the aim
of this study is to characterize anatomical variations of the falx
and the tentorium, focusing on their notches. We propose a
new method to measure falx and tentorium using routine CT
imaging on adult subjects.
Patients and method
Forty anonymized brain CT scans were extracted from insti-
tutional database (AP-HP, Approval no. 2017-013 from the
CNIL, authorization no. 1980120). CT scans were randomly
selected excluding cases with midline deviation. 3D
computed-tomography (CT) scans were routinely acquired
on a REVOLUT ION DISCOVERY 750HD o r
DISCOVERY CT750 (General Electric System, Boston,
USA) with voxel resolutions ranging from 0.416 × 0.416 ×
1.250 to 0.576 × 0.576 × 1.250 mm.
Anonymous DICOM images were implemented in a home-
made Matlab program (MathWorks® version 7.0, available
on request). One senior surgeon (HS) thoroughly pointed each
anatomical structure (falx, tentorium, and venous sinuses) on
axial CT slices. Points were identified every c.a 5 mm, one
slice out of two. Per subject, on average 1386 points were
identified (650 for the falx, 440 for the tentorium and 296
for sinuses). The mean acquisition time was about 20 min
per case. Workflow is described on Fig. 1. Briefly, a scatter
plot was obtained in Matlab. Height anatomical landmarks
were identified on this 3D scatter plot: anterior (A) and pos-
terior (B) crista galli, left (C) and right (D) anterior clinoid
process, left (E) and right (F) parieto-mastoid point, the
tentorial apex (G), and the torcular (H) (Fig. 1c).
Reference frame of the head
In order to determine the coordinates of the anatomical land-
marks for further computing, we defined a reference frame
(Fig. 1c). The origin of the frame was defined as the midpoint
of the segment between tentorial apex and torcular [GH]. The
normal of the least-square falx cerebri plan defined the Y-axis.
The cross-product of the Y-axis by the vector (posterior crista
galli-tentorial apex) defined the Z-axis. The X-axis is the result
of the cross-product of the Y-axis by the Z-axis. The three axis
were normalized in order to get an orthonormal frame where
each axis is a unit vector (a vector of length one), orthogonal
to each other. The following measures have been obtained
from the coordinates of the anatomical landmarks and the
projection of the set of the points of the tentorium and the falx.
The computation time was about 10 min per case.
Falx cerebri
To characterize falx cerebri, we used the 2 parameters depicted
Fig. 2. The height of the falx (1) is the distance between the
tentorial apex and the superior edge of the falx cerebri along a
straight line passing through the midpoint of the clinoid pro-
cess and the tentorial apex [8]. The surface of the falx (sF) was
calculated by a triangulation method, from all the points of the
falx projected on the least square falx plan. The notch of the
falx was the area limited by the free edge of the falx and the
segment between posterior crista galli and tentorial apex [BG].
In order to characterize the notch, we used the 3 parameters
depicted Fig. 2. The height of the falx notch (2) is the maximal
distance between the free edge of the falx and the segment
[BG]. The length of the falx notch (3) is the maximal distance
between two points of the free edge of the falx. The surface of
the falx notch (sFN) was assessed by a triangulation method.
Ratio between surfaces was calculated.
Tentorium cerebelli
In order to characterize tentorium cerebelli, we used the 2 param-
eters depicted Fig. 3. The width of the tentorium (4) is the dis-
tance between the 2 parietomastoid points [EF]. The surface of
the tentorium (sT) is assessed from all the points projected in the
frame, and linked by a triangulation method to obtain a surface.
To characterize the tentorial notch, we used 4 parameters. The
anterior width (5) is the distance between the 2 anterior clinoid
processes [CD]. The maximal width (6) is the maximal distance
between two points of the tentorial notch’s free edges. The length
of the tentorial notch (7) is the distance between tentorial apex
(G) and the middle point of the 2 clinoid processes segment
[CD]. The surface of the tentorial notch (sTN) is calculated by
a triangulation method and is delineated by the 2 free edges, the
segment [CD] and the tentorial apex (G). The tentorial angle (8)
is calculated using the Twining’s line, drawn from the midpoint
of the segment [CD] to the torcular (H), and the straight sinus
pictured by the segment [GH] [12]. Similarly to the falx, ratio
between surfaces was calculated.
Fig. 3 Parameters describing the tentorium cerebelli and its notch. Six
anatomical landmarks were used: left anterior clinoid process (C), right
anterior clinoid process (D), left parietomastoid point (E), right
parietomastoid point (F), tentorial apex (G), and torcular (H). Four
distances were calculated: the width of the tentorium (4), the anterior
width (5), the maximal width (6), and the length (7) of the tentorial notch.
Surfaces were calculated by a triangulation method from projected points
for tentorium (sT) and tentorial notch (sTN). The tentorial angle (8) was
also recorded
Fig. 1 Pointing acquisition from CT scan. (a) Example of an axial CT
scan used. (b) The falx (squares), the tentorium (points), and venous
sinuses (triangles) were specified on axial CT. (c) Computing the points
allowed to draw a scatter plot. The anatomical landmarks were identified.
Anterior crista galli (A): most anterior and inferior point of the falx.
Posterior crista galli (B): most posterior and inferior point of the falx.
Left anterior clinoid process (C): most superior and lateral point of the
left anterior processus clinoid. Right anterior clinoid process (D): most
superior and lateral point of the right anterior processus clinoid. Left
parietomastoid point (E): most lateral point of the tentorium on the left
side. Right parietomastoid point (F): most lateral point of the tentorium on
the right side. Tentorial apex (G): most upper point of the tentorium.
Torcular (H): most posterior and inferior point of the tentorium.
Fig. 2 Parameters describing the falx cerebri. Two anatomical landmarks
were first determined: posterior crista galli (B) and tentorial apex (G).
Three distances were calculated: the height of the falx (1), the height
(2), and the length (3) of the falx notch. Two surfaces were calculated
by a triangulation method from projected points: the surface of the falx
(sF) and the falx notch (sFN)
Reproducibility study
To evaluate measurement errors, we carried out a reproduc-
ibility study on 6 randomly selected CT-scans. Pointing acqui-
sition and determination of the coordinates of anatomical
landmarks had been repeated 3 times for each scan, by the
same neurosurgeon, with a minimum 24 h-interval between
measures. A non-parametric Spearman test was applied. A
measure was considered robust enough when variations were
2DS < 3 mm for coordinates, < 5% for distances and surfaces,
and < 5° for angles.
Statistical analysis
Results were analyzed using the statistical software XLSTAT
2018.3 (Addinsoft SARL, Bordeaux, FR). All data are pre-
sented as mean and standard deviation. The correlation study
used a Pearson test, r > or = 0.6 was considered suitable, with
a P value < 0.05.
Results
Reproducibility
The reproducibility error on the coordinates of the anatomical
landmarks was less than 1 mm. Two parameters had a repro-
ducibility error superior to 5%: the anterior width (5.22%) and
the surface of the tentorial notch (5.78%). For the angle, the
reproducibility error was less than 2°. These results suggest
that the method is reliable and allows further analyses, using
our reference frame for the head.
Falx cerebri
Both distances and surfaces presented large inter-subject var-
iations; e.g., the surface of the falx notch ranged from 15 to
40 cm2 (ratio 2.7) and the height of the falx ranged from 29 to
48 mm (ratio1.6).
Results are given in Table 1. The falx notch surface repre-
sented 33% ± 5.2 of the whole surface (falx plus falx notch).
As expected, the height of the falx correlates with the surface
of the falx (r = 0.6, P < 0.05). The surface of the falx notch is
statistically correlated with its height (r = 0.82, P < 0.05) but
not with its length (r = 0.44, P < 0.05).
Tentorium cerebelli
Similarly to falx measurements, distances, angle and surfaces
presented large inter-subject variations. Results are given in
Table 2. The tentorial notch surface represented 18.79%± 2.3
of the whole surface (tentorium plus tentorial notch). The width
of the tentorium was not correlated with its surface (r = 0.46,
P < 0.05). The surface of the tentorial notch was correlated with
its length (r = 0.655, P < 0.5), but not with its maximal width
(r= 0.420, P < 0.05). We found no correlation between the sur-
faces of tentorium cerebelli and tentorial notch (r = 0.0, P =
0.99).
Finally, the length of the falx notch was correlated with the
length of the tentorial notch (r = 0.62, P < 0.05). Surfaces of
both notches were not correlated (r = 0.234, P = 0.055), nei-
ther their heights (r = 0.34, P = 0.03).
Discussion
Anatomical variations
The present study presents a consistent description (surfaces and
linear measurements) for both falx, tentorium, and their notches,
using clinical CT-Scan, on living subjects. Ourmain results are as
follows: the mean surface of the falx was 56.5 ± 7.7 cm2, and its
height 34.9 ± 3.9 mm. The falx notch has been measured for the
first time (28.8 ± 5.9 cm2). The surface of the tentorium (57.6 ±
5.8 cm2) and the ratio of its free area (18%) have been measured
for the first time. Important inter-individual variations have been
demonstrated in this study for these 2 important structures of the
brain. So far the falx and the falx notch have not attracted much
attention in the literature. In this study, the height and the surface
of the falx notch were the most variable parameters among our
data, ranging respectively from 27 to 57 mm and from 15 to
40 cm2. We found only one study in the literature, in 1969. It
Table 1 Falx cerebri parameters
Falx Falx notch Surface ratio
Height (mm) Surface (cm2) Width (mm) Height (mm) Surface (cm2)
Minimum 29 43.2 81.4 27.73 15.8 24.0
Maximum 48 74.2 113.5 57.72 40.5 45.6
1st quartile 32.1 50.7 91.5 38.42 25.1 29.9
Median 33.8 56.8 97.1 40.45 27.3 33.1
3rd quartile 36.7 59.6 102 144.41 32.1 37.6
Mean ± SD 34.9 ± 3.9 56.5 ± 7.7 96.9 ± 8 41.81 ± 5.9 28.8 ± 5.9 33.7 ± 5.2
was based on carotid arteriography and brought into evidence
anatomical variations in the size of the falx, independently of
skull dimensions [8]. In this study, the mean height of the falx
was 5.27 cm (ranging from 4 to 6.2 cm). The authors studied the
interspace between the falx and the corpus callosum (represented
by the inferior longitudinal sinus) and its relation to the displace-
ment of the anterior cerebral artery in frontal lesions. It appeared
that a narrow falx notch limited the anterior cerebral artery shift.
In the present study, the height of the falx was smaller (3.49 cm).
Indeed, we did not include the superior sagittal sinus and straight
sinus in the definition of the falx. This could account for the
difference. Brockman et al. measured the variations of the supe-
rior sagittal sinus (SSS) on CT-scans [4]. The maximal vertical
diameter of the SSS, measured 3 cm dorsally from the coronal
suture, was 6.4 mm (SD= 1.2).
The tentorial notch has been more thoroughly studied be-
cause of the clinical importance regarding transtentorial her-
niation. Transtentorial herniation occurs in a wide variety of
neurological conditions. If left untreated, transtentorial herni-
ation progresses rapidly to severe disability or death [7, 17].
Previous studies on tentorium anatomy were made on ca-
davers, using photographs taken from the superior and lateral
views [2, 5, 19, 22]. In 1958, Corsellis et al. described unex-
pected variations in the size and shape of the tentorial notch
[5]. The same year, Sunderland described the relations be-
tween this free area and the brainstem, nerves, and vessels
[22]. In 1984, using upper view pictures on cadavers, Ono
et al. described a maximal tentorium width of 110.8 mm,
seemingly different from our results (99.6 ± 4.6 mm) [19].
Nevertheless, on the basis that lateral and posterior tentorium
margins are firmly attached to the inner surface of the skull,
Ono et al. measured the maximum width of the tentorium as
the distance between internal bone surfaces. In our study, the
lateral sinuses were not included in the definition of tentorium.
This could explain the difference in measures. In 2002, Adler
and Milhorat analyzed 100 human cadavers, taking upper
view pictures during autopsy. He developed a classification
system for the tentorial notch, taking into account the length
and the width of the notch [2].
Tentorial angle is one of several factors that determine wheth-
er the infratentorial approach for surgeries of the pineal or cere-
bellar vermian region is usable or challenging. One considers to
use the supracerebellar infratentorial approach whether the
tentorial angle is shallow, or the occipital transtentorial approach
whether the tentorial angle is seep [16]. Similarly, the tentorial
angle is used to plan the paramedian supracerebellar-
transtentorial approach for selective amygdalohippocampectomy
[23]. A recent trend has emerged to use the Twining line as the
reference line to measure the slope of the tentorium. At first,
Twining’s line, joining the tuberculum sellae and the torcular,
on pneumoencephalography, was used to be the landmark of
the fourth ventricle [12]. The most recent studies cited above,
using MRI, focused only on the tentorial angle using images
acquired in the sagittal plane. In two recent studies using the
Twining’s line, mean tentorial angle was calculated at 42° and
43.5°, ranging from 25° to 56.5°, in line with our data (54 ± 5°)
[16, 23]. Part of the wide range of results could be explained by
the precise position of anatomical landmarks used to draw the
lines and calculate the angle. The tuberculum sellae is lined up
with a line passing through the two anterior clinoid processes and
is rather easy to identify in a reproducible way. However, the
torcular and the apex are venous confluents with a rather large
drop/triangular shape. Depending on the point selected to stand
for these landmarks, the calculation of the angle may significant-
ly differ. In this present study, the anatomical landmark called
“torcular” is defined as the most posterior and inferior point of
the tentorium in the torcular region. The landmark called “apex
tentorial” is defined as themost upper point of the tentorium. The
exact positions of these landmarks have not been otherwise spec-
ified in previous studies [16, 23].
Reference frame
For 3D modeling of the head, a precise reference frame is
mandatory. In this study, we propose a reference frame of
the head, as we found no previous publication or recommen-
dations of the International Society of Biomechanics about it.
Table 2 Tentorium cerebelli parameters













Minimum 87.9 45.0 18.0 27.4 45.3 10.6 44.0 13.6
Maximum 111.6 70.1 36.6 38.2 66.7 16.5 66.0 24.2
1st quartile 97.1 54.4 23.2 29.0 50.9 11.9 50.6 17.1
Median 99.0 56.9 25.5 30.4 53.8 13.0 53.5 18.3
3rd quartile 103.0 62.0 27.4 32.1 58.2 14.3 57.3 20.6
Mean ± SD 99.6 ± 4.8 57.6 ± 5.9 25.5 ± 3.5 31.0 ± 2.5 55.0 ± 5.3 13.3 ± 1.7 54.0 ± 5.0 18.7 ± 2.3
This reference frame allows 3D calculations and modeling
that was otherwise not possible with pictures on cadavers.
Hernandez et al. used finite element modeling of the
brain to investigate the relationships between head mo-
tion, falx displacement, and potential damages to corpus
callosum [10]. They demonstrated that high coronal and/
or horizontal rotations produce deep lateral displacement
of the falx cerebri, which may strain and damage the
corpus callosum. They modeled heads with and without
falx, and showed that strains in the corpus callosum
halved beside when the falx is present. Our study shows
important variations of the falx and its notch. One can
hypothesize that a large falx notch might behave as an
absent falx, thus decreasing damages to the corpus
callosum. Pathophysiology of traumatic brain injury is
often studied using average finite element model of the
head [11, 13, 20, 24]. Inter-individual variability of struc-
tures, such as the falx and tentorium notches, is seldom
taken into account. Our data suggest that including indi-
vidual anatomical variations of falx and tentorium notches
in personalized models could be crucial to better elicit the
mechanisms of brain damages.
In our reproducibility study, two parameters had a repro-
ducibility error superior to 5% (anterior width and surface of
the tentorial notch). This variation flows from pixel resolution
of routine CTscans (mean = 0.471 × 0.471 mm). For example,
2 SD for the anterior width of the tentorial notch represent an
error of 5.22 mm. This represents an error or 5 pixels for each
anatomical landmark. Anatomical landmarks used to assess
this measure (clinoid process and torcular) have a volume
greater than on pixel [6]. This could also explain the lack of
reproducibility for the surface of tentorial notch computed
from 3D structures.
Correlation
We seek after correlations between the 12 anatomical param-
eters. We found a significant correlation between the length of
falx notch and the length of the tentorial notch (r = 0.62,
P < 0.05). No data exist in the literature on correlations be-
tween these lengths. These 2 structures both originate from the
neural crest, but do not appear at the same time during the
embryological development. Falx is first discernible in embry-
os at the age of 41 days, and tentorium is discernible at 51 days
[15, 18]. In addition, some authors studying embryos and
adult subjects demonstrated that falx and tentorium follow a
different growth pattern. The falx has an anteroposterior
growth pattern from the frontal part to the occipital part of
the cranium, and the tentorium has a centrifugal growth pat-
tern, from both side of the brainstem in the cerebrocerebellar
fissure to a fusion in the median plane posteriorly, along the
straight sinus [14, 18].
Conclusion
By precisely defining anatomical landmarks, we showed large
variations of the size of falx and tentorium. Because important
nervous structures are in close contact with falx and tentorium,
their anatomic variations are crucial to better understand the
mechanisms of brain herniations. We also propose a reference
frame for biomechanical studies of the head.
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